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Abstract
Conservation and management of aquatic systems require detailed information of the processes that affect their functioning and
development. The objectives of the present work were to describe the phosphorus dynamics during a complete tidal cycle and to
quantify the relative contribution of the most common estuarine areas (e.g. seagrass beds, salt marshes, mud- and sand-flats without
vegetation) to phosphorus net internal loading in a temperate intertidal estuary.
Results show that phosphate efflux rates were higher during the first hours of tidal flood, and that phosphate concentrations were
lowest at high tide. During tidal ebbing, ephemeral tide pools may cover a considerable percentage of the intertidal area. In these
tide pools, water shallowness combined with enhanced temperatures stimulate the occurrence of high phosphate effluxes. The
effluxes to the main water body during high tide contributed 57% of dissolved inorganic phosphorus and efflux during low tide
contributed 43% to the net internal loading. Calculations of the phosphate net effluxes (kg P) indicate a strong contribution of the
bare bottom mud-flats to the whole system internal phosphate loading, especially during the warmer periods.
As a consequence of eutrophication, perennial benthic macrophytes are commonly replaced by fast-growing epiphytic
macroalgae. Calculations showed that for a hypothetical intertidal estuary in a temperate region, management programs considering
an eventual re-colonization of mud-flats by seagrasses or salt marsh plants may reduce the P-efflux by 13e16 kg ha1. For example,
in the small Mondego estuary, eutrophication has contributed to a reduction of the Zostera noltii meadows, leading to an increase in
190 kg of phosphorus net internal loading.
 2004 Elsevier Ltd. All rights reserved.
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Intertidal ecosystems are organized and controlled by
a small set of key animal, plant, and abiotic processes that
structure the substrate condition and the system func-
tioning (Widdows and Brinsley, 2002). The biogeochem-
ical processes, conditioned by N and P mediating
bacteria, primary producers, bioturbation activity and
through ecological engineering, may change the sediment
adsorption/desorption capacity and the nutrient budgets
of these systems (e.g. Kristensen, 1993; Staver et al., 1996;
Gilbert et al., 1998; Mitchell and Baldwin, 1998; Flindt
et al., 1999;Mortimer et al., 1999;Widdows and Brinsley,
2002). Biota living in the intertidal zone of mesotidal
and macrotidal estuaries and coastal embayments are
) Corresponding author.
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doi:10.1016/j.ecss.2004.04.007adapted to a dynamic environment dominated by the
tidal flooding and ebbing (Widdows and Brinsley, 2002).
During tidal ebbing extensive areas of sand- and mud-
flats are covered by several low water pools (Flindt et al.,
2002). During exposure of the tidal flats important
biogeochemical processes take place in these ephemeral
pools as a result of anabolic/catabolic balances, and of
a combination of shallow water and enhanced temper-
ature (Flindt et al., 2002; Lillebø et al., 2002a,b). The size
of these pools may vary from some square centimetres to
a few square metres.
Seagrasses and salt marshes share analogous func-
tional role in the estuarine systems. Having high
biomass values, these plant communities enhance the
primary and secondary production of these habitats
(e.g. Dolbeth et al., 2003). Due to the immediate changes
in the physical environment (e.g. decreasing tidal cur-
rents, wave action and sediment resuspension, and
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pended matter) these primary producers are also bio-
stabilisers (Flindt et al., 1999; Widdows and Brinsley,
2002). Additionally, submerged rooted macrophytes
link the nutrients in sediments with the overlying water,
with important implications for nutrient cycling (e.g.
Short, 1987; Kamp-Nielsen and Flindt, 1993; Flindt
et al., 1999). Plant roots have complex interactions with
the surrounding sediment, covering a wide range of
biogeochemical processes, namely changes in the rhizo-
sphere chemistry, including the redox potential (Eh),
organic matter content, metal availability and also the
nutrient profiles (e.g. Cacxador et al., 1996, 2000;
Cartaxana and Lloyd, 1999; Flindt et al., 2002).
As a consequence of eutrophication processes, per-
ennial benthic macrophytes are commonly replaced by
fast-growing epiphytic macroalgae (e.g. Flindt et al.,
1999; Den Hartog and Phillips, 2000; Cardoso et al.,
2004), and these unbalanced situations may strengthen
the phosphorus net internal loading.
Considering the Mondego estuary, a warm-temperate
Atlantic coastal system, as a case study, the aim of this
work was:
(a) To evaluate the efflux of phosphate during the tidal
cycle,
(b) To quantify the seasonal contribution of common
estuarine areas (salt marshes, seagrass meadows and
bare bottom flats) to the efflux of inorganic
phosphate,(c) To develop possible management scenarios for
endangered temperate intertidal estuaries,
(d) To relate the calculated P-effluxes with the well-
documented eutrophication process ongoing in the
Mondego estuary.
2. Material and methods
2.1. Study site and sampling program
The Mondego estuary is about 7 km long and is
2e3 km across at its widest part (Fig. 1). The estuary
comprises a northern and a southern arm, separated by
the Murraceira island. The northern arm is deeper
(G10 m during high tide, tidal range 0.5e3.5 m) and
constitutes the main navigation channel and the location
of the Figueira da Foz harbour. The southern arm
covers about 2.57 km2, and is almost silted up in the
upper zones. The river outflow is mainly via the nor-
thern arm. Water circulation in the southern arm is
mostly dependent on the tides and on the freshwater
input from the Pranto River, a small tributary. This arm
is shallower (2e4 m during high tide, tidal range
1e3 m), and is characterised by large areas of intertidal
flats exposed during low tide. Scirpus maritimus marshes
occupy the inner mud-flats, Spartina maritima marshes
occur in the higher downstream areas, whereas Zostera
noltii meadows occupy the lower downstream sand/Figueira da Foz Harbour
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Fig. 1. The Mondego estuary, Portugal, with the location of the study sites.
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spond to 32% of the total south arm area.
Freshwater flow from the Pranto River represents an
important input of phosphorus into the southern arm
(Flindt et al., 1997). The discharge from this tributary is
controlledbya sluice regulatedaccording to thewater level
of rice fields in the Mondego Valley. Phosphorous is
transported adsorbed to particulate matter, especially
during winter and early spring, usually following the
seasonal variation of precipitation (Martins et al., 2001;
Lillebø et al., 2002a). After sedimentation of particles,
dissolved phosphate is released from the sediment
particulate organic matter by P-mineralization and P-
desorption, and thereby constitutes the effluxofphosphate
to the water column (e.g. Falca˜o and Vale, 1998; Mitchell
and Baldwin, 1998; Asmus et al., 2000; Lillebø et al.,
2002a,b). In summer, inflow and outflow regime of the
southern arm of theMondego estuary depends essentially
on tides. During low tide, the remaining water pools cover
a considerable percentage of the total intertidal estuarine
area, 60% in the mud-flats and 25% in the sand-flats.
Six study sites were established in the intertidal area of
the southern arm (Fig. 1), considering exposure time,
plant coverage and type of sediment: (a) a mud-flat
covered by Zostera noltii (0.3%); (b) a sand-flat covered
by Spartina maritima (1%); (c) a mud-flat covered by
S. maritima (3%); (d) a mud-flat covered by Scirpus
maritimus (4%); (e) two bare bottom mud-flats (52%)
and (f) two bare bottom sand-flat areas (8%) (percentages
refer to total area of south arm). Each area was
characterised seasonally, in a day and night situation,
for average water temperature, dissolved oxygen and
salinity. Sediment samples (top 3 cm) were analysed for
percentage of organicmatter content, estimated as loss on
ignition (LOI) (Dwt-AFDW, 550 (C for 6 h) (Table 1).
2.2. Flux measurements at tidal flats
Seasonally, flux measurements were performed at
each of the study areas during 24-h cycles in order to
cover a complete tidal cycle under a day and night
situation. At each area and for each tidal cycle two
methodologies were applied for P-flux measurements:
(a) flux chambers during high tide and (b) the low tide
pools during ebb. Additionally, a small sandyemuddy
permanent channel without vegetation located at the
outer boundary of the southern arm (black circle in
Fig. 1) was followed during 12-h cycles, in order to track
the phosphorus concentration in a complete tidal cycle.
All high tide campaigns were performed between
2000 and 2001. During tidal rise, Plexiglas tubes (n ¼ 4,
0.125 mB, 0.65 m length) were carefully filled with
the main channel water, corresponding to the initial
conditions (t0), and kept closed with a flexible imperme-
able membrane until the chamber was exposed again (tn).
Phosphate fluxes were given by the difference between theamount of phosphate (g PO4-P m
2) in time (tn) and the
initial amount (t0), and then divided by the number of
hours between the two samples (g PO4-P m
2 h1).
Water temperature, salinity and dissolved oxygen
were measured at initial and final conditions. Flux
chambers were also placed in the main channel (under
day and night situations, in July 2001). During low tide,
P-flux measurements were performed, between 1999 and
2000, in tidal pools formed in sandy and muddy areas
without vegetation, in Zostera noltii beds and in
Spartina maritima marsh. Each pool was measured for
surface area and depth. This study was not performed at
the Scirpus maritimus salt marsh area due to the absence
of large tide pools, although the area is covered by
several minor pools. Water samples (10 ml each) were
collected every hour, from pool formations until they
were submerged again, and water temperature, salinity
and dissolved oxygen were measured.
Phosphate fluxes were calculated taking into account
the initial concentrations in the pool, which corre-
sponded to the very first measurement just after the
formation of the pool (t0). So, for each consecutive
sample (t1; t2;.; tn) the calculated rates were given by
the difference between the phosphate amount (mgm2)
at time (tn) and the initial amount, and then divided by
the number of hours between the two samples (data
were previously standardised to avoid bias caused by
differences in the pool size).
Seasonally and during full tidal cycles (12 h), water
samples were collected hourly and water level measured
in a small sandyemuddy permanent channel at the outer
boundary of the southern arm. Water samples were
immediately filtered (Whatman GF/F glass-fibre filter)
and stored in ice. In the lab, samples were kept frozen at
18 (C until analysis. Phosphate fluxes were calculated
taking into account the initial water concentration (t0),
and correspondent water level. So, for each consecutive
sample (t1; t2;.; tn) the calculated rates were given by
the difference between the amount of phosphate (g PO4-
P m2) in time (tn) and the initial amount, and then
divided by the number of hours between the two
samples (g PO4-P m
2 h1).
Analysis of dissolved reactive phosphate were carried
out using a rapid flow autoanalyser (RFA 300 Alpkem)
and performed according to the Alpkem methodologies
(Alpkem, 1990).
2.3. Calculations
Calculations of the mean phosphate efflux rates per
day, discriminating high and low tides (mg m2 d1),
were performed considering the mean daily efflux rates
(day and night) at each site, and the correspondent
estuarine area (m2). It was assumed that the mean efflux
rates in May and July/August represented a mean value
for spring and summer, respectively, and that the mean
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The organic matter content of the sediment (in the top 3 cm) at each study site, and average water temperature, dissolved oxygen and salinity, for day
and night conditions during high and low tides, per season
Season
(day/night)
High tide Low tide
Temperature
((C)
Salinity Oxygen
(ppm O2)
Temperature
((C)
Salinity Oxygen
(ppm O2)
Mud-flat
(5e6% O.M.)
Summer 24.4e19.7 26.9e22.8 13.4e7.6 22.6e15.2 31.8e32.0 5.9e3.7
Fall 18.0e12.6 31.2e26.4 9.0e9.4 15.5e13.6 29.7e28.2 6.8e5.9
Winter 16.0e11.3 2.1e2.9 12.6e11.2 10.8e6.0 26.3e26.7 5.9e4.0
Spring 21.8e17.5 2.9e2.7 9.6e8.1 17.9e15.4 18.1e19.3 7.6e6.4
Sand-flat
(0.95e1.13% O.M.)
Summer 24.1e17.4 30.3e23.0 13.3e7.8 21.8e15.4 30.8e32.0 8.8e5.9
Fall 16.4e9.1 30.8e25.7 13.8e9.2 15.2e14.1 29.1e28.0 8.8e5.8
Winter 16.5e11.2 4.2e8.9 12.4e9.3 10.3e6.0 26.0e26.4 5.5e4.3
Spring 18.3e16.3 2.25e1.9 11.1e9.0 17.0e14.9 15.3e18 8.8e6.9
Spartina maritima
sand-flat (2.23% O.M.)
Summer 23.6e15.5 33.3e32.2 10.6e3.4
Fall 16.2e15.2 29.7e29.7 7.2e2.6
Winter 10.4e7.4 27.8e28.6 6.5e3.9
Spring 17.6e15.6 20.7e22.9 8.3e6.3
Spartina maritima
mud-flat (8% O.M.)
Summer 27.1e19.6 26.9e22.5 13.7e5.6 28.0e20.8 25.9e27.5 11.7e1.6
Fall 18.4e10.2 30.8e25.8 11.27e8.4 15.9e10.9 2.1e3.6 6.5e1.8
Winter 17.2e11.0 2.8e6.0 **e8.0
Spring 18.6e16.4 2.1e2.0 18.9e6.3
Zostera noltii (2.25% O.M.) Summer 23.5e17.8 30.0e23.0 9.9e7.2 23.4e15.7 31.8e32.0 12.7e4.2
Fall 17.5e12.9 31.0e26.0 10.8e9.1 15.8e14.1 29.6e28.3 8.4e1.9
Winter 1.7e10.6 1.6e2.9 13.0e11.0 10.8e5.9 27.2e27.3 9.6e4.1
Spring 22.6e17.0 2.9e2.6 13.2e8.2 17.3e15.6 14.2e18.3 9.1e7.3
Scirpus maritimus (8% O.M.) Summer 25.7e19.1 16.7e17.2 10.7e3.5
Fall 15.1e10.9 25.9e24.4 9.8e6.2
Winter 19.0e10.1 0.8e0.8 9.5e7.6
Spring 30.0e18.9 1.4e0.9 4.6e0.6efflux rates in November and January represented
a mean value for fall and winter, respectively. Phosphate
mass efflux (kg P) was also calculated taking into ac-
count each season’s values.
To simulate the yearly variation in the phosphate
fluxes from mud-flats, a simple dynamic temperature
model was applied:
PO4 fluxactual ¼ PO4 fluxtn!K ðtempactualnÞ
where the PO4 fluxtn is the measured phosphate flux at
a certain temperature ((C), K is temperature dependen-
cy constant, while PO4 fluxactual is the simulated phos-
phate fluxes. The only forcing function was the
temperature. In this application, the model simulates
phosphate effluxes based on real weekly mean temper-
atures from 1999 to 2001.
3. Results
3.1. Tidal cycles
During a tidal cycle dissolved phosphate concen-
trations in the water column of the permanent channel
located at the outer boundary of the southern arm
increased during tide ebbing and decreased during tidalrise, especially in summer and spring (Fig. 2). During
tidal rise phosphate efflux rates were higher during the
first hours and then smoothly decreased. During ebb the
efflux rates showed a sharp, sometimes a linear decrease
(Fig. 3). Seasonally, P-efflux rates were higher in sum-
mer and spring and lower in fall and winter (Fig. 3).
Considering the entire south arm intertidal area,
there was a seasonal variation of the environmental
parameters during high and low tides, with higher
temperature, oxygen concentration and salinity during
summer and spring (Table 1). Moreover, in both
situations there was a clear daily variation, with higher
water temperature and dissolved oxygen during the day.
This daily variation was more evident during low tide
(tide pools), where the temperature range is much
higher, and water may undergo oxygen depletion during
the night, especially during the warmer periods (Table
1). Considering the southern intertidal estuarine area,
these factors combined to promote a higher phosphorus
efflux during low tide (Fig. 4).
3.2. Contribution of different estuarine areas
to P-mineralization and P-efflux
Considering the mean daily efflux rates, there was
a clear seasonal variation in the mud-flats, with higher
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Fig. 2. Variation of dissolved inorganic phosphate concentration in the main water body during a tidal cycle for each season.P-effluxes during summer and spring, and lower
P-effluxes during fall and winter, both in high and low
tides (Fig. 5). This seasonal variation was not so well
defined in the sand-flats, and it was assumed that there is
no significant seasonal variation in the main channel.Concerning the vegetated areas, none of them presented
clear seasonal variation (Fig. 5). Calculations of the
phosphate net effluxes (kg P), show the major contribu-
tion of the bare bottom mud-flats to the internal
phosphate loading of the whole system and especiallySummer
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Fig. 3. Variation of phosphate efflux rates to the main water body during a tidal cycle for each season.
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represent 52% of the estuarine area and support 79% of
the phosphate net fluxes. As P-effluxes in the mud-flats
showed a clear seasonal variation, the internal loading
of phosphate (43% contribution of low tide effluxes and
57% of high tide) was simulated based on a tempera-
ture-dependent model (Fig. 7). The model simulated
phosphate effluxes based on real weekly mean temper-
atures from 1999 to 2001, and the fluxes show the same
inter-annual pattern.
The seasonal/annual P-efflux from mud-flats and
vegetated areas (kg PO4-P ha
1) provides evidence for
plant specific seasonal variation (Table 2). Based on the
annual calculated values, different scenarios for intertidal
temperate estuaries may arise. If the replacement of mud-
flats by seagrasses or salt marsh plants was simulated it
was observed that P-efflux from the sediment to the water
column may decrease by 13 kge16 kg PO4-P ha
1. This
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Fig. 4. Seasonal variation of daily P-efflux rates in the Mondego
southern arm intertidal area, during high and low tides.decrease may result from the uptake of phosphorus by
plants for growth purposes and the increased adsorption
capacity of the sediment in the plants rhizosphere.
Assuming the seasonal effluxes from the year 2000 as
reference values, different scenarios for phosphorus
annual net fluxes were simulated taking into account
the area of the Mondego estuary covered by Zostera
noltii in the last 16 years (Table 3). Results show that the
reduction of the Z. noltii meadows as a consequence of
eutrophication has enhanced the net internal loading of
phosphorus by 190 kg (Table 3).
4. Discussion
During tidal rise, the higher phosphate efflux rates
during the first hours may result from the contact of the
incoming seawater, with lower phosphate concentration
and lower temperature, with the rich warm superficial
(low tide pools) or interstitial water. These differences
may promote the phosphorus efflux to the incoming
water column by diffusion (Falca˜o and Vale, 1998) and/
or convection processes. These differences will be
attenuated as tide comes in, and phosphate efflux rates
smoothly decrease. Even so, at high tide a slight increase
in the phosphate concentration occurs probably due to
the absence of currents just before the outgoing tide,
allowing a water/sediment close contact and probably
the activity of P-mediating bacteria. During tidal ebb
the efflux rates showed a sharp, sometimes a linear
decrease. Air exposed sediments have a substantially
higher phosphate sorption capacity than submerged
sediments (Mitchell and Baldwin, 1998). Nevertheless,-10
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Fig. 5. Seasonal variation of daily phosphate efflux rates from each studied area, during high tide and in low water pools.
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exposed areas. In these ephemeral pools, the quick
increase of temperature in the shallow water and the
oxygen depletion, stimulate the efflux of phosphate
(Flindt et al., 2002; Lillebø et al., 2002a). The im-
portance of the tide pools, varying from a few square
centimetres to some square metres, to the efflux of
phosphorus may be proportional to the area covered.
The results have shown that intertidal mud-flats
constitute the major source (79%) of phosphate in the
southern arm of the Mondego estuary, and that 57% of
Spart. Scirp. Mud Sand Zost. Channel
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Fig. 6. Seasonal variation of net phosphate efflux rates from each
studied area, during high tide and low tide ( phosphate net flux in
Scirpus maritimus during low tide in summer, fall and winter, were
calculate based on mud-flat values).
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Fig. 7. Simulation of the yearly variation in phosphate fluxes, during
high tide and low tide, in the mud-flats.the net phosphate flux occurred at high tide and 43% at
low tide. The high content of organic matter, which is
the main source of nutrients in the water column, and
the elevated summer and spring temperatures, may
cause these efflux rates. Mud-flats represent 52% of the
total estuarine area, while sand-flats only represent 8%.
The mean organic matter content in sand-flats was
substantially lower, less than 1%. The low efflux rates in
the permanent channels may result from the continuous
water flow, and the fact that these sub-tidal areas are
essentially constituted by sand.
Spartina maritima and Scirpus maritimus salt marsh
areas and Zostera noltii meadows influenced phosphate
release from the sediment: S. maritima salt marsh
showed a relationship between seasonal phosphate
effluxes and plant annual dynamics, especially during
high tide. Although this species has a slow continuous
growth (Adams and Bate, 1995) the flowering period is
from May until July, which naturally carries extra
nutrient demand. During spring even though the mean
organic content is higher than in the mud-flats,
S. maritima rhizosphere promotes a higher adsorption
capacity of the sediment (Flindt et al., 2002). During this
period, there was a low P-efflux during low tide and
phosphate uptake during high tide. Additionally,
epiphytes can be quite abundant at this time of the
year. In summer, the lesser abundance of epiphytes and
the higher temperatures in the low water pools may
enhance phosphate effluxes. During low tide the balance
between efflux and uptake was close to zero. In the fall,
there was P-efflux during the tidal cycle, which was
probably related to lesser plant activity, absence of
epiphytes and a favourable temperature for P-efflux.
Table 2
Seasonal and annual P-effluxes (kg PO4-P ha
1) from mud-flats and
vegetated areas with evidence of plant specific seasonal variation and
rhizosphere adsorption capacity
Seasonal
(kg PO4-P ha1/4 y
1)
Spartina
maritima
Scirpus
maritimus
Zostera
noltii
Mud-flat
Spring 3.4 9.3 0.7 5.5
Summer 4.2 13.8 0.8 12.3
Fall 8.7 3.3 8.5 4.6
Winter 2.3 2.6 3.0 3.4
Annual (kg PO4-P ha y
1) 11.8 10.4 13.0 25.8
Table 3
Different scenarios for phosphorus (PO4-P) annual net fluxes (in the
last 16 years), considering the estuarine area covered with Z. noltii and
assuming the seasonal effluxes from the year 2000 as reference values
Year Zostera noltii
area (m2)
% Efflux
mud-flats
Annual net
efflux (ton)
1986 150 000 73.8 4.14
1996 200 79.4 4.33
2000 8850 79.1 4.32
2002 22 000 78.7 4.30
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inhibit this process. Scirpus maritimus marshes showed
a close relationship between plant annual dynamics and
the seasonal variation of phosphate effluxes during high
tide. In the Mondego estuary this species has a partic-
ularly above ground life cycle with a growing season
from January to April/May (Lillebø et al., 2003),
explaining the high phosphate uptake during spring.
Moreover, recent studies also show that during spring
this species rhizosphere has a higher adsorption capacity
than S. maritima. On the other hand, during summer,
when plants die-back to the buried rhizomes, the efflux
from the sediment maybe enhanced due to the high
temperatures and the high organic matter contents of
the sediment.
Zostera noltii meadow phosphate efflux rates clearly
reflect the seasonal growth of this species and its ability
to take up nutrients from the sediment via the rhizomes
and from the water column through the leaves (Short,
1987). In the Mondego estuary, Z. noltii new leaves ap-
peared in late February/March and the eelgrass mead-
ows developed over the intertidal mud-flats in spring/
summer. Leaf cover began to decline during the late
summer and autumn, which was expressed by the higher
phosphate effluxes in fall during high and low tides.
Nutrient flux dynamics are strongly dependent on
seasonal variation of temperature, and higher phosphate
effluxes in temperate regions are found at higher
temperatures (e.g. Asmus et al., 2000). In the Mondego
estuary, mud-flats supply up to 79% of the total
dissolved inorganic phosphorus that potentially can be
exported into coastal waters. However, systems with
larger plant covered areas, salt marshes or seagrass
meadows, may experience different results, depending
on species composition and on the relative percentage of
each area. The calculated values for seasonal/annual
P-effluxes show that an eventual colonization of bare
bottom mud-flats by one of the three most common
species in warm temperate estuaries (Zostera noltii,
Spartina maritima and Scirpus maritimus) may reduce
the phosphate internal loading by 13 kge16 kg ha y1.
In the Mondego estuary, the Z. noltii meadow’s
reduction (Marques et al., 1997, 2003; Pardal et al.,
2000; Martins et al., 2001; Cardoso et al., 2002; Dolbeth
et al., 2003) has lead to a feed-back process with the
increase of phosphorus effluxes of 190 kg. This in-
formation may be of particular importance to programs
for reversing habitat degradation in nutrient enriched
aquatic systems.
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